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INFLUENCE OF THE BUMPER AND MAIN WALL MATERIAL ON THE 

EFFECTIVENESS OF SINGLE METEOROID BUMPERS 

By Donald H. Hmaes 
Langley Research Center 


SUMMARY 


An experimental investigation was conducted to determine the relative 
effectiveness of single alimiinum^ beryllium, lead, magnesium. Mylar, neoprene, 
and stainless -steel meteoroid bumpers and the relative effectiveness of alumi- 
n\mi, beryllium, lead, magnesium, and stainless -steel main walls in reducing the 
total penetration damage produced by 1.59-™i-diameter aluminum projectiles at 
velocities up to 5.88 km/s. 

The maximimi total penetration damage was found to be a fionction of the 
mass per unit area of the bumper and to be independent of the bumper material. 
The maximum total penetration damage and the optimtmi bumper mass were functions 
of the main wall material, the less dense main wall materials being generally 
more effective. The optimimi bumper mass against the 1 . 59 “™-^iam^ter aluminijm 
projectiles was independent of the bumper material and was approximately 
1 kg/m2 when a finite-thickness aluminum main wall was used and 5 kg/m^ when a 
finite-thickness lead main wall was used. 


INTRODUCTION 


It was first proposed by Whipple (see ref. l) that the penetration damage 
inflicted on a spacecraft by meteoroids could be greatly reduced by placing a 
thin shield a short distance from the main structure of the spacecraft. Whipple 
suggested that meteoroids woiold be extensively fragmented or even vaporized 
during penetration of the thin shield, most often referred to as a meteoroid 
bumper, and that the resilLting debris would impact over a large area of the main 
structure and inflict only slight damage. Reference 2 shows that aluminum and 
copper projectiles could be fragmented during penetration of an aluminum mete- 
oroid bumper, if the bumper thickness were properly chosen and the impact veloc- 
ity were sufficiently high. 

This investigation was conducted to determine the relative effectiveness 
of several bumper and main wall materials in reducing the impact damage of 
spherical aluminum projectiles at velocities up to 5*88 km/s and by this means 
to discover the desired material properties of a bumper and main wall. Alumi- 
num spheres 1.59 u™- in diameter were used as projectiles. In order to determine 
the important bumper properties, impact data were obtained for alumimmi. 
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iDerylliiam^ lead^ magnesium^ Jtylar, neoprene^ and stainless -steel lumpers. 

Bimiper thicknesses ranged from 0.025 mm to 6.55 mm. A large standoff distance 
of 51 mm (32 projectile diameters) was used to separate the bumper from the 
quasi -infinite aluminum main wall. In order to determine the important main 
wall properties^ impact data were obtained for unprotected qixasi-infinite alumi- 
num^ beryllium^ lead^ magnesium^ and stainless -steel main walls. 


SYMBOLS 


d projectile diameter 

F ratio of maximum single plate thickness which can be completely pene- 

trated to penetration depth in single quasi -infinite plate under the 
same impact condition 

h standoff distance 

mass per unit area 

penetration depth 

ratio of the penetration damage to an unprotected quasi -infinite main 
wall (^niw^mw) ^ general main wall material is used, to the 

damage occurring when an Tinprotected q-uasi-infinlte aluminum main 
wall is used under the same impact conditions 

thickness 

p density 

Subscripts : 

a aluminum main wall 

B bumper 

max maximum 

mw main wall 

pB penetrated bumper material 

pmw penetrated main wall material 

t total for penetrated portion of bumper and main wall 

T total for complete buimper and main wall 

X general main wall material 

2 


m 

P 

t 



APPAEATUS AND TEST TECHNIQUE 


Projectiles j Bumpers, and Main Walls 

The projectiles were all 1 . 59 -™i-<ii 3 ^^'ter spheres of 2024-T4 aluminum 
alloy with a 0 . 025 -mm tolerance for the diameter and a sphericity of O.OI 5 nnn. 

The seven materials tested as humpers and the density of each material 
were as follows: 


Material Density, kg/m5 

Aluminum alloy, 202i^-T3 277 O 

Berylliimi alloy, hot pressed iS^^-O 

Lead 11 5^0 

Magnesium alloy, AZJIB-O 1770 

Mylar 1590 

Neoprene, ^0 durometer hardness l400 

Stainless steel, 5^7 annealed 805 O 


All densities listed are handbook values. Bumper thicknesses varied from 
0.025 mm to 6.55 mm, with a 0 . 003 -mm tolerance for thicknesses less than 0.79 ™i 
and a 0.05-mm tolerance for thicknesses of 0.79 and larger. The bumpers 

tested were generally 7.5 cm wide and I 5 cm high; however, the beryllium bimapers 
were only 5 .I cm by 5 .I cm. The bumpers were rigidly fixed to the main wall 
and separated from the main wall by a distance of 5 I inm* A sketch defining the 
test configuration is shown in figure 1 . 

The main walls used in the bumper-protected main wall configuration were 
all 2024 -T4 alxmiinum alloy. The main walls were nominally 7*5 cm wide, I 5 cm 
high, and 25-4 mm thick. The 25.4-mm thickness was great enough to be consid- 
ered quasi-infinite, inasmuch as none of the al-uminum main walls were pene- 
trated to a depth greater than 5*08 ™ or 20 percent of the main wall thickness. 
It was shown in reference 5 that a wall which is penetrated less than 20 per- 
cent by a high-velocity projectile receives the same penetration damage that an 
infinite wall of the same material would have under the same impact conditions. 
Unprotected (i.e., no bumpers) quasi -infinite main walls of 2024-T3 aluminum 
alloy, lead, AZ 3 IB-O magnesium alloy, and annealed 547 stainless steel were also 
tested. 


Projectile Launching Technique 

Impact velocities less than 2.4 km/s were obtained with a 5-58-I™ rifle. 

The rifle was fired in open air. The test specimen was located 0.915 ^ from 
the muzzle, and was at room temperature and pressure. Impact velocities between 
2.4 and 4.3 km/s were obtained with the shock compressed light-gas g\m described 
in reference 4, whereas those greater than 4.5 km/s were obtained with an accel- 
erated reservoir light -gas gxm essentially the same as that described in refer- 
ence 5* The test specimen was enclosed in a vacuum chamber for the light-gas 


3 



gun firings and was located m from the muzzle of the gun. The pressure in 

the test chamher was I 30 to 27 O N/m^ and the temperature was 290^ to 500^ K. 

Each 1.59~2im-diameter spherical projectile was moxmted on a cylindrical 
nylon sabot 5-58 mm in diameter and. 2.79 mm long. When the sabot left the 
launch tube, its edge struck a steel bar deflector. The small spherical pro- 
jectile continued along the flight path while the sabot was deflected and hence 
separated from the projectile. 


Velocity Measuring Technique 

The velocity of the projectiles was determined by placing two sheets of 
l^lar, aluminized on both sides, along the flight path at a known distance 
apart. The total thickness of the Mylar and aluminum coatings was 6.55 
A potential was applied between the aluminvim coatings on the opposite sides of 
each sheet. When the projectile penetrated the first sheet, the aluminum was 
ionized by the impact and momentarily formed a conducting path between the two 
aluminum surfaces of the same sheet. The resulting current flow started an 
electronic time-interval counter. A similar pxilse from the second sheet 
stopped the counter. The distance between sheets and the time of flight 
between sheets were each measured to an accuracy better than 1 percent. This 
measured velocity was considered equal to the impact velocity with the deceler- 
ation due to drag neglected. Althoiagh the drag was negligible for the firings 
in the evacuated test chamber, it may have slowed the projectiles slightly in 
the firings in open air in which the aluminized Mylar sheets were O. 66 I and 
0.8l4 m from the muzzle and the test specimen was positioned O .915 ^ from the 
muzzle. 


Penetration Measuring Technique 

Penetrations into the bumpers that were not completely penetrated and into 
the main walls were measirred from the original surface of the undisturbed mate- 
rial to the deepest point in the crater formed by the projectile impact. The 
penetration into a completely penetrated b\miper was considered equal to the 
bumper thickness. Penetration depths were measured with a depth gage which was 
tapered from a 0 . 80 -mm-diameter stem to a 0 . 15 -nmi-diameter point over a 2 . 69 -inm 
length. The instrument was accurate to ±0.05 nim; however, penetration measure- 
ments by different experienced persons often differed by ± 0.06 mm for the deeper 
penetrations . 


PRESEOT?ATI0N OF RESULTS 


Because it is important in space vehicle design to keep the mass of mete- 
oroid protection to a minimum and because materials of different densities were 
tested as bumpers, the effectiveness of the bimipers was compared on a mass basis 
rather than on the basis of percentage reduction in total penetration. The 
total penetration depth is defined as the penetration into the bvimper plus the 
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penetration into the main wall in the case of a humper-protected main wall^ and 
merely the penetration into the main wall in the case of an unprotected main 
wall. 


The parameter m^ is the total mass per unit area of penetrated material 
and is hereinafter referred to as the total penetration damage. The parameter 
is defined by the equation 

= “PB + “pmw = Vb + 

When the projectile is unable to penetrate the bximper completely, the term 
P p is zero. When the b\miper is completely penetrated, the term P-p^ 

becomes Wien no bumper is used, the term is, of course, zero. 

The difference between the value of m^ for an unprotected aluminum target and 
that for a bumper -protected target is considered to be a measure of the effec- 
tiveness of the bumper. 

The relative effectiveness of different bumpers was determined by comparing 
the maximum total penetration damage that each permitted in the 0 to 

h.S km/s velocity range. The smaller the value of m-^ max^ more effective 
the bumper. 


Penetration into Unprotected Quasi-Infinite Main Walls 

The total penetration damage m-^ for unprotected quasi -infinite main walls 
of various materials is shown in figure 2 as a function of the impact velocity. 
An increase in the impact velocity resulted in an increase in the total pene- 
tration damage m-^ through the entire range investigated for each material, 
except for the lead in the 1.9 to 2.7 km/s range. This range was the transi- 
tion region from undeformed projectile to fluid impact reported in reference 6. 
The total penetration damage for the aluminum and magnesium main walls was small 
compared with the damage for stainless-steel and lead main walls. The data 
used to construct the curves for lead, stainless -steel, aluminum, and magnesium 
are presented in table I. Thick berylliimi plates suitable for qioasi -infinite 
main Avails were not available for these tests. However, dioring the tests of 
bumper-protected main walls discussed subsequently, beryllium was used as a 
bumper material. In two of the tests the penetration into the bumper was less 
than 20 percent of the bumper thickness (see table II). Thus, in these two 
tests the bimipers were acting as quasi -infinite walls and these data are shoAm 
in figure 2 . Beryllium bumpers acting as quasi-infinite main walls received 
little penetration damage compared with the damage for stainless -steel and lead 
main walls. Also shown in figure 2 are data from four tests where the beryllium 
bumpers were partially penetrated to a depth greater than 20 percent of the 
bumper thickness. Because the bumpers were not acting as quasi -infinite walls 
in these tests, each of the four data points is marked with an arrow pointing 
dOAm to Indicate that the total penetration damage for a quasi -infinite beryl- 
lium wall would be lower than that shOAra. A straight line was faired through 
the beryllium data points, with the most emphasis being placed on the two points 
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for qiiasi -infinite walls and with the line falling helow the points for the 
finite -thickness walls. 


Penetration into Bumper -Protected Main Walls 

The total penetration damage m-^ produced in the various bimiper-protected 
targets investigated is presented in figures 3 to 9 as a function of the impact 
velocity. Each of the figures is for a different bumper material and each fig- 
wce presents data for three bimiper thicknesses. The main wall material was 
always aluminum. In general^ the (b) part of each figure represents the most 
effective bumper thickness tested for the material under consideration. The 
(a) and (c) parts^ in general^ represent bimiper thicknesses less than and 
larger than the optimimi thickness^ respectively. Exceptions occior in figures 7 
and 8 because of the limitation of thicknesses available for Mylar and neoprene. 
Additional curves were obtained for other thicknesses than those presented in 
the figures in order to accurately establish the most effective bumper thick- 
ness. Figure 3 is discussed in detail whereas figures 4 to 9 are discussed 
more briefly because of the many similarities that exist in the behavior of 
bumpers of different materials. The data from which these curves and the addi- 
tional curves mentioned were constructed are presented in table II. 


DISCUSSION OF RESULTS 


Effect of Bumper Thickness 

The total penetration damage for 2024-T3 alimilnum-alloy bumpers of 

three different thicknesses is shown in figure 3 as a function of the impact 
velocity. The horizontal dashed line shows the mass per unit area of the 
b-umper. The diagonal dashed line represents the damage that would be created 
in an unprotected quasi-infinite aluminum main wall and was taken from 
figure 2. 

The results for a 0.025-mm-thick bumper are presented in figure 3(a). The 
total penetration damage increased when the impact velocity was increased up to 
approximately 5-48 km/s. A further increase in the impact velocity to 
5.88 km/s resulted in decreased total penetration damage. The maximum total 
penetration damage was approximately 7*0 kg/m^. This bumper was not 

very effective in reducing total penetration damage at velocities less than 
5.48 km/s; that is^ the total penetration damage was not much different from 
that for an unprotected aluminum main wall at those velocities. The effective- 
ness of the bumper at the higher impact velocity was due to the fragmentation 
of the projectile as it penetrated the bumper at that velocity. The fragmented 
projectile produced a number of small^ shallow craters in the main wall instead 
of the one large^ deep crater as was produced at the lower velocities. 

The behavior of the 0.4l-mm- thick b*umper in figure 3(t>) was similar to 
that of the 0.025-mm-thick bumper in figure 3(a). However^ the thicker bumper 
was more effective at all velocities greater than 3 km/s. The maximum total 


6 



penetration damage of 4.0 kg/m^ is less than the maxinnjm penetration 

in figure 5(a). 

The behavior of an excessively thick bumper is illustrated in figure 5(c). 
Impact velocities of 4.40 km/s were required for the projectile to penetrate 
the bumper. At all velocities less than 4.40 km/s^ the bumper was ineffective 
in reducing total penetration damage; in fact^ the bumper enhanced damage by 
increasing the damage to the bumper while the main wall remained Tondamaged. 

At all velocities greater than 4.40 km/s this bumper was less effective than 
the bumpers in figures 5(a) and 5(^)^ because the total penetration damage of 
8.8l kg/m2 required to penetrate this bxmiper is greater than the maximum total 
penetration damage in figures 5(a) and 

The most effective of the bumpers tested was the 0.4l-mm-thick bumper 
which permitted a maximum total penetration of 4.0 kg/m^. The data in figure 5 
illustrate the existence of an optimimi bumper thickness^ a fact previously 
established in reference 2. Both thicker and thinner bumpers permit greater 
values of maximum total penetration damage^ the thinner because a greater 
impact velocity is required to cause projectile fragmentation^ the thicker 
because the penetration damage to the bumper itself must be extensive. 


Effect of Bumper Material 

The berylliijm^ lead, magnesium. Mylar, neoprene, and stainless-steel 
bumpers behaved much like the aluminum bumpers. (See figs. 5 to 9.) In gen- 
eral, the total penetration damage m^ increased as the impact velocity 
increased to a maximum value at the velocity required for projectile fragmenta- 
tion and decreased with further increases in the impact velocity. It should be 
noted that in figures 5(t>)^ 4(b), 5(t>)^ 6(b), and 9(t), which present data for 
the optimum thicknesses for the various bumper materials, the values of bumper 
mass per unit area m^ are all approximately the same. This fact sijggests 
that even though the optimum bumper thicknesses varied from 0.15 mm to 0.8l mm 
for the various materials, there may be an optimum value of mass per unit area 
independent of material. In order to examine this possibility further, the 
maximum total penetration damage mt.^ niay various bumper materials 

tested was plotted as a function of the mass per unit area of the bumper 
not only for the optimimi bumpers but for all bumpers tested in which the total 
penetration damage increased to a maximum value and decreased with further 
increases in impact velocity. The results are shown in figure 10. Data points 
in this figure were all obtained from the data in table II. The dashed line 
represents m^ ^^y = m^. The difference between the dashed curve and the data 
curve is maximum penetration damage produced in the main wall. The figure shows 
that the maximum penetration damage to the main wall continually decreased with 
increased bumper mass per unit area and became almost negligible when the bumper 
mass per unit area was greater than about 15 kg/m^. However, the maximum total 
penetration damage, a more significant quantity, was a minimum when the bumper 
mass per unit area was between 0.5 aJ^d 1.5 kg/m2- therefore, the optimum bumper 
mass per unit area is in that range. Particularly significant is the good 
agreement between data for different bumper materials. This agreement indicates 
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that whereas the maximum total penetration depends on the mass per unit area of 
the "bumper, it is affected very little "by the choice of bimiper material. 

Many of the "beryllium "bumpers tested developed cracks which ran from the 
point of impact to the edge of the 5*1- 5*l-cm "bumper. There was also a 
tendency for a spallation cavity to "be produced on the back side of the beryl- 
lium bijmpers opposite the point of impact when the bumper was only partially 
penetrated. The penetration damage in the thick beryllium bumper (fig. ^(c)) 
was a measure of the damage occurring on the front side only; that is, the 
spallation cavity was neglected. Therefore the penetration damage Increased 
slowly with increased impact velocity until the bottoms of the impact crater 
and spallation cavity met. The vinusioal curve in figure ^<-(c) is due to the 
spallation phenomenon. At the velocity at which the Impact crater and spalla- 
tion cavity met, the penetration damage to the bumper abruptly Increased. Both 
the spallation and cracking can be seen in figure 11, where photographs of the 
front and back side of one of the beryllium bumpers tested are presented. 

Lead. bumpers of the three thicknesses considered in figure 5 were so 
easily penetrated that no data on partial penetration were obtained. Data for 
thicker lead bimipers appear in table II and show that a 1.57-™i-"thlck lead 
bumper was completely penetrated at l.cA- km/s, the lowest impact velocity 
obtained. No partial penetration data were obtained for Mylar either, inasmuch 
as only thin Mylar bumpers were available. Because it was not possible to 
define the optimum bumper mass for Mylar with the available bumpers, only two 
curves are presented in figure 7- The maximum total penetration damage pro- 
duced in the 0.25-mi!i-thick bumper (see fig. 7(l3)) agree well with that 
obtained for other bumpers of the same mass per unit area but of different 
materials (see fig. 10). The holes left in the neoprene bumpers, partic\ilarly 
the thicker neoprene bumpers, were smaller than those in the bumpers made of 
other materials. The thick neoprene bumpers tended to close up around the hole 
and make it appear smaller than projectile size. Unusually extensive damage 
was produced in the main walls protected by the 0.8l-mm-thlck stainless -steel 
bumpers. The projectile was fragmented during penetration of the bmper and 
did little damage to the main wall. The extensive damage was caused by large 
fragments of the stainless -steel bumper. Thus, it was the bumper fragments, 
and not the projectile, which controlled the total penetration damage. Appar- 
ently the choice of a bumper material from materials which are dense compared 
with the projectile must be made with care. Dense materials like stainless 
steel which create relatively large fragments while being penetrated should be 
avoided in favor of materials like lead which create relatively small fragments. 


Effect of Main Wall Material 

Quasi -infinite main walls .- The penetration damage that would have occvirred 
in the tests described graphically in figures 5 "to 10, if quasi -infinite beryl- 
livim, lead, magnesium, or stainless steel had been used for the main wall mate- 
rial rather than alumintmi, can be calculated with the use of figure 2 provided 
one assumption is made. At a given impact velocity the fragments striking the 
bumper-protected quasi-infinite aluminum, berylli\mi, lead, magnesim, and 
stainless -steel main walls must be assumed to produce penetration damage in the 
same ratio as that indicated in figure 2, which shows the penetration produced 
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by alumimjiri projectiles impacting unprotected main walls of these same mate- 
rials, With this assumption^ the total penetration damage that would occur if 
the main wall were some material other than aluminum is given by the equation 

= Rx(%a - ^ “^b) (^) 

where a total penetration damage that occurred when the main wall 

was aluminum, as in figures 5 to 10, and where ts the ratio of the pene- 

tration damage in the main wall being considered to that in the aiTjminum wall 
at the velocity with which the most damaging fragment struck the main wall. 

The ratio was determined from figure 2. When the curves in figure 2 are 

straight lines through the origin, as they are for aluminum, beryllium, magne- 
sium, and stainless steel, R^ is independent of the velocity of the most 
damaging fragment and the necessity for determining that velocity is eliminated. 
For those materials, R^ is equal to the ratio of the slope of the curve for 
the material being considered to the slope of the curve for alumlnimi. In order 
to simplify the calculation of R^^ for lead, the curve for lead was approxi- 
mated by a strai^t line throu^ the origin and faired through the three high- 
est velocity data points. The values of R^^ obtained were 0-57 berylliimi, 
1.0 for magnesium, 1.5 for stainless steel, and 5-^ ^or lead. 

Finite -thickness main walls .- The qioasi-lnf inite main walls used in all 
the tests described in this report are Impractical for spacecraft design. If 
the data could be converted to give the total mass per unit area of bumper and 
finite -thickness main wall required to just defeat the projectile, it would be 
of practical interest- Previous investigations show that for a given material 
at a given impact velocity the finite-thickness wall required to defeat a par- 
ticle can be determined by multiplying the penetration depth produced by that 
particle in a quasi-infinite wall by a factor F- (See, for example, ref- 5-) 
The value of this factor is very often taken to be 1-5. 

A series of tests were reported in reference 7 in which bumpers and 
finite-thickness main walls with a standoff distance of 12 projectile diameters 
were struck by projectiles traveling 6.1 km/s- The main walls were thick 
enough to prevent particle penetration and no total penetrations of the main 
walls were observed. However, in many cases a spallation cavity was created on 
the back side of the main wall opposite the area where the many projectile and 
bumper fragments struck the main wall. This spallation cavity was caused by 
the reflection of a strong pressure pulse created by the collective impacts of 
the many fragments. It is possible, at high impact velocities, for the spalla- 
tion cavity to be deep enough to meet the crater bottoms, in which case the 
main wall wotfld be completely penetrated. Spallation can also be accompanied 
by cracking or rupturing of the main wall. Reference 7 shows that the spalla- 
tion cavity could be reduced in depth or even eliminated for the aforementioned 
velocity and standoff distance by using a dense material for the bumper, with- 
out changing the mass per unit area of the bumper. Inasmuch as the penetration 
damage was affected very little by the bumper material, this difference observed 
in the spallation which occurred when thin main walls were used should be con- 
sidered when choosing a bumper material. 
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Pressure-pulse failures^ that is^ spallation^ cracking^ and rupt'uring, can 
he eliminated hy using a large standoff distance. When the standoff distance 
is large^ the fragments impact over a large area of the main wall and the energy 
received per unit area is less than that required for pressure -pulse failure. 
Reference 8 shows that the standoff distance required to prevent pressure-pulse 
failure of the main wall is a function of the impact velocity. Very large 
standoff distances may he required to prevent pres sxire -pulse failiores at maxi- 
mum meteoroid velocities. 

If the pressure-pulse failirres are neglected, that is, if sufficiently 
large standoff distances are used, the total mass required to defeat the alumi- 
num projectiles can he calculated hy using the data in figure 10 and the appro- 
priate conversion factor F from qiaasi-inf inite to maximum finite wall pene- 
tration. The data in figure 10 apply at any large standoff distance because 
the maximimi total penetration damage is caused hy an intact projectile and is 
therefore independent of the standoff distance. There are adequate data in 
this report to calculate approximately the value of F for aluminum, beryl- 
lium, magnesium, and stainless -steel targets hy the method in reference The 
values calculated from the data in this report are l.J to 1.4 for adimiinum, 

5.8 to 4.0 for beryllium, 1.4 to 1.6 for magnesium, and 2.2 to 2.5 for stain- 
less steel. A value of I.5 is assumed for lead since there are no data in this 
report that can he used to determine the value. The total mass of bumper and 
finite -thickness main wall required to defeat the 1.59-nmi-diaineter aluminum 
projectiles at the velocity of maximum total penetration damage can then he 
calculated. The calculated total mass is more than sufficient to defeat the 
projectile at any other velocity in the range considered in figure 10 . The 
total mass required when an aluminum main wall is used can he calculated hy 
using the equation 


(^,max)a ^a j^(™t,max)g^ “ °^B (5) 

where (niT,max)a total mass required, Fg^ is the appropriate conver- 

sion factor from quasi-infinite to finite-thickness main walls for aluminum, 
and (iDt^niax)a coordinates in figure 10 . The total mass 

required when the finite main wall is a material other than aluminum can he 
calculated hy using the equation 




( 4 ) 


where F^ is the conversion factor from quasi-infinite to finite-thickness 
main walls for the material being considered. The calculated results obtained 
hy using equation ( 4 ) appear in figure 12, where the curves are independent of 
the bumper material. The figure shows that the optimum bumper mass is a func- 
tion of the main wall material. The main wall material can greatly affect the 
effectiveness of a bumper and main wall configuration, the less dense material 
generally being more effective. The optimum bumper mass is approximately 
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1 kg/m2 when the main wall is aluminum^ whereas a bumper mass of approximately 
5 kg/m2 is optimum when a lead main wall is used. The curve for beryllium is 
dashed because the beryllium bumpers tested were fOTond to be particularly sus- 
ceptible to spalling and cracking, the type of damage caused by a pressure 
pulse. They usually developed cracks and a large spallation cavity when they 
were partially penetrated. There is, therefore, some question as to whether 
the beryllium main walls. Indicated as adequate in figure 12, can withstand the 
pressure p-ulse generated even at large standoff distances. The diagonal dashed 
line labeled m^ = m-Q represents the part of the total mass which is in 
the bumper. The difference between this curve and the data curves is the part 
of the total mass which is in the main wall. 

The curves in figures 3 to 9 show that, in general, the penetration damage 
decreases with increased Impact velocity for velocities greater than the veloc- 
ity required to fragment the projectile. If this trend continues to maximum 
meteoroid velocities, the maximum total penetration damage observed at a low 
impact velocity would be the absolute maximum total penetration damage obtain- 
able for projectiles traveling at meteoroid velocities. If this trend does 
continue to maximimi meteoroid velocities, the mass required to defeat the 
aluminum projectiles in the zero to ^.9 km/s range, as given in figure 12, 
would be all that is reqxiired to defeat these projectiles at any meteoroid 
velocity. Of course, the assumption is made that the standoff distance is 
large enough to prevent failure by spallation, cracking, or ruptioring, a danger 
that becomes more severe as the impact velocity is increased. 


CONCLUSIONS 


The results of an investigation to determine the relative effectiveness 
of aluminimi, beryllium, lead, magnesium. Mylar, neoprene, and stainless -steel 
bumpers and the relative effectiveness of alimiimmi, beryllium, lead, magnesium, 
and stainless -steel main walls in reducing the penetration damage produced by 
1.59-™-diameter aluminum projectiles at velocities up to 5-88 km/s have led to 
the following conclusions: 

1. In the velocity range of the investigation, bimiper thicknesses which 
were effective in reducing total penetration damage were foiand for all of the 
bumper materials tested. 

2. The protection provided by a bumper to a quasi-infinite main wall was 
dependent on the mass per unit area of the b\xmper and was affected very little 
by the bumper material. Previous Investigations have indicated that dense 
materials were desirable when a thin main wall was used because the amount of 
spallation was decreased. However, the choice of a bumper material from mate- 
rials which are dense compared with the projectile material must be made with 
care to avoid the creation of bumper fragments which are more damaging to the 
main wall than projectile fragments. 

5 . The main wall material can greatly affect the effectiveness of a bimiper 
and main wall configuration, the less dense materials generally being more 
effective . 
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III 


ll-. The optimum bmper mass was independent of the bxmiper material but was 
dependent on the main wall material. The optimum bumper mass varied from 
1 kg/m2 when a finite alxaminum main wall was used to 5 kg/m^ when a finite lead 
main wall was vised. 

5 . The total penetration damage for unprotected alvmiinum and magnesivim 
main walls was Small compared with the damage for stainless-steel and lead main 
walls. Beryllium bumpers acting as quasi -infinite main walls also received 
little penetration damage. However, it is doubtful if finite thickness beryl- 
lium could be used as a main wall because the finite beryllivun bvimpers tested 
usually developed cracks and a large spallation cavity when they were partially 
penetrated. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., August 10, 1965* 
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TABLE I.- IMPACT DATA FOR 1. 


STRIKING UNPROTECTED 

Impact velocity. 

Total penetration^ 

km/s 

mm 

Aluminum-alloy target 

0.15 

0.20 

.25 

.20 

.58 

.41 

1.19 

.51 

1.55 

.76 

1.62 

.76 

2.85 

1.42 

2.95 

1.63 

3.1k 

1.88 

3.hk 

1.85 

3A7 

1.70 

3.60 

1.88 

3.60 

1.95 

3.63 

1.98 

3.81 

2.03 

3.87 

1.96 

3.96 

2.06 

it-. 05 

2.21 

5.12 

2.49 

Lead 

target 



0.61 

1.12 

1.52 

1.70 

1.92 

1.88 

2.62 

1.95 

3.29 

2.39 

k.2k 

2.79 


-MM-DIAMETER ALUMINXM SPHERES 






TABLE II.- IMPACT DATA FOR 1 . 59 ^-DIAMETER ALUMINUM SPHERES STRIKING 
QUASI-IKFINITE ALUMINUM MAIN WALLS PROTECTED BY SINGLE 
BUMPER WITH 51 ^ STANDOFF DISTANCE - Continued 


Impact velocity. 

Total penetration. 

km/s 

mm 

Lead bumper; 

tg = 0.025 mm 

l.Ol^- 

0.43 

1.46 

.66 

1.92 

1.02 

2.62 

1.22 

5.72 

1.70 

5.96 

1.17 

14-.00 

1.02 

Lead bumper; 

tg = 0.15 mm 

1.77 

0.64 

2.04 

.64 

2.68 

.97 

2.80 

.81 

2.85 

.84 

2.96 

.84 

5.38 

.76 

5.60 

.74 

3.75 

.91 

3.78 

.84 

4.02 

.74 

4.15 

.81 

Lead bumper; 

t-Q = 0 . 4 l ram 

1.01 

0.46 

1.55 

-53 

1.80 

.61 

1.98 

.56 

2.99 

.79 

5.17 

.64 

3.90 

.74 

4.56 

.64 

4.54 

.66 

4.79 

.56 

Lead bumper; 

tjg = 0.89 ram 

0.79 

0.89 

1.04 

.89 

1.22 

.89 

1.49 

.89 

1.80 

.89 

2.71 

1.24 

2.77 

1.17 

5.14 

1.04 

5.51 

1.09 

3.66 

1.02 

3.75 

.99 

4.27 

.97 

5.09 

.97 

Lead bumper; 

= 1-57 

1.04 

1.57 

1.28 

1.57 

1.55 

1.57 

1.80 

1.57 

2.10 

1.57 

2.19 

1.78 

2.77 

1.57 

3.32 

1.78 

3.47 

1.75 

4.11 

1.60 


Impact velocity, 
km/s 

Total penetration. 

Magnesium bumper; tg = O.O5 mm 

1.54 

0.69 

2.04 

1.12 

2 . 4 l 

1-17 

2.87 

1.32 

3.20 

1.65 

3.51 

1.70 

4.18 

1.96 

4.21 

2.05 

4.54 

1.70 

Magnesium bumper; tg = 0 . 4 l ram 

1.04 

0.74 

1.4o 

.97 

1.65 

1.07 

2.04 

1.17 

2.26 

1.14 

2.85 

1.30 

2.99 

1.47 

3.35 

1.17 

5.78 

1.27 

4.15 

1.19 

Magnesium bumper; t-g = O.81 mm 

0.85 

0.86 

1.16 

1.04 

1.19 

.99 

1.52 

■ 94 

1.83 

1.52 

2.01 

1.27 

2.56 

1.60 

2.80 

1.24 

2.90 

1.57 

3.20 

1.37 

3-38 

1-57 

5 . 5 *t 

1.52 

4.02 

1.63 

4.11 

1.55 

4.18 

1*55 

Magnesium bumper; tg = I.57 ram 

0.52 

0.36 

.55 

.58 

-76 

■71 

i.4o 

1.60 

1.49 

1.60 

1.74 

1.63 

2.04 

1.65 

2.10 

1.75 

2.35 

1.85 

3.29 

1.96 

5.78 

2.24 

5-33 

1.96 

Magnesium bumper; tg = 3 -l 8 ram 

0.67 

0.58 

1.19 

1.17 

1.80 

2.16 

2.07 

2.21 

2.53 

5.18 

2.90 

5.18 

2.99 

5.18 

3.44 

3.28 

5.44 

5.18 

5.69 

3.50 

5.56 

5.58 



TABLE II.- IMPACT DATA FOR 1.59-MM-DIAMETER ALUMUfUM SPHERES STRIKIMJ 
QUASI-INFINITE ALUMINUM MAIN WALLS PROTECTED SINGLE 
BUMPER WITH 51-MM STANDOFF DISTANCE - Continued 


Dopact velocity^ 
km/s 


Total penetration. 


J^lar buiiiper; tg 


Dnpact velocity, 
km/s 


Total penetration 


Neoprene 'buiiiper; tjg = 0.4l 


Neoprene Lumper; tg 


li^ylar bumper; 

t-g = 0.15 mm 

0.70 

0.45 

.98 

.51 

1.22 

, 6 h 

1.58 

.97 

1.89 

1.09 

2.56 

l.l|-0 

2.65 

l.i|-2 

2.95 

1.52 

5.08 

1.70 

5.25 

1.78 

5.55 

1.65 


1.91 

5-90 

1.85 


2.05 


■ 

Mylar bumper; 

tg = 0.25 mm 


0.67 

0.4l 


1.19 

.76 


i.i^5 

.76 


1.62 

.89 


1.98 

1.07 


2.71 

1.30 


2.87 

1.47 


2.96 

1.60 


3.66 

1.70 


3.72 

1 1.70 


4.18 

1.73 


4.59 

1.57 


Neoprene bumper; tg = 


Neoprene bumper; tj = 5.18 Mn 


Neoprene bumper; t-n = 


TABLE II.- IMPACT DATA FOR 1 . 59 -MM- DIAMETER ALUMINUM SPHERES STRIKING 
QUASI- INFINITE ALUMINUM MAIN WALLS PROTECTED BY SINGLE 
BUMPER WITH 51 -MM STANDOFF DISTANCE - Concluded 


Impact velocity. 

Total penetration. 

km/s 

mm 

Stainless -steel bumper; t-g = O.O25 ram 1 

1 .^ 

0.58 

2.19 

1.02 

2.90 

1.45 

5.1^1 

1.68 


1.83 

4.82 

1.52 

Stainless-steel bumper; tg = O.I3 mm 

0.98 

0.43 

1.55 

.69 

1.92 

.86 

2.80 

1.04 

2.85 

.99 

5.14 

1.40 

5.47 

.86 

5.66 

.89 

5.81 

.91 

5.99 

.91 

4.24 

.86 

Stainless-steel bumper; t^ = O.25 mm 

0.76 

0.25 

1.07 

.38 

1.74 

.36 

1.89 

.31 

2.55 

1.02 

3.20 

1.14 

3.58 

.74 

3.54 

1.07 

4.18 

.79 

Stainless -steel bumper; tg = 0 . 4 l mm j 

0.46 

0.28 

.49 

.36 

1.10 

.41 

1.46 

.38 

1.86 

.46 

2.55 

1.42 

2.50 

.89 

2.56 

1.30 

5.20 

1.68 


Intact velocity, 
km/s 


Total penetration. 


Stainless -steel bumper; tg = O.^l-l mm 
Cone luded 


5.38 

1.04 

3.37 

1.30 

3.69 

i.o 4 

3*90 

1.04 

4.21 

1.19 

Inless-steel bimiper; tg = 0.8I mm 

0.58 

0.25 

.76 

.58 

1.13 

.69 

1.4o 

.99 

1.86 

.89 

2.13 

1.04 

2.29 

1.09 

2.65 

1.55 

2.71 

1.19 

2.96 

1.88 

3.05 

1.47 

5.60 

2.16 

4.54 

1.55 

5.43 

1.65 

inless-steel bumper; tg = 1.57 

0.73 

0.03 

.85 

.25 

1.10 

.28 

1-25 

.56 

1.49 

.48 

1.80 

.61 

2.56 

1.17 

2.59 

1.37 

2.71 

1.57 

2.77 

1.57 

3.02 

1.57 

3.66 

1.75 

3.81 

1.83 

3.84 

1.83 

3.99 

1.73 

4.30 

1-93 



Bumper 


X 

X 



Main wall 



Figure 1.- Bumper-protected main wall configuration. 
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Figure 2.- Effect of main wall material on total penetration damage for an unprotected quasi-infinite main wall. 
Projectile was 1.59-mm-diameter aluminum sphere. 
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m I , kg/m 


i 



0 12 3 4 5 6 

Impact velocity, km/sec 


(a) tg = 0.41 mm; mg = 0.75 kg/m^. 



0 12 3 4 5 6 

Impact velocity . km /sec 


(b) tg = 0.69 mm; mg = 1.27 kg/m2. 



0 12 3 4 5 6 

Impact velocity , km /sec 


(cl tg = 3.38 mm; mg = 6.22 kg/m2. 

Figure 4.- Effect of bumper thickness on total penetration damage. Bumper material was beryllium alloy; 
projectile was 1.59- mm- diameter aluminum sphere. 
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(a) tg = 0.05 mm; mg = 0.09 kg/m^ 




(cl tg = 3.18 mm; mg = 5.63 kg/m^. 

Figure 6.- Effect of bumper thickness on total penetration damage. Bumper material v\ 
projectile was 1.59-mm-diameter aluminum sphere. 
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Unprotected quasi -infinite 
aluminum main wall 



rn j = m 0 


Impact velocity , km /sec 

(a) tg = 0.025 mm; mg = 0.24 kg/m^. 





2 3 4 

Impact velocity , km/sec 

(b) tg = 0.13 mm; mg = 1.04 kg/m^. 
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= m B 


Impact velocity , km/sec 


(c) tg = 0.81 mm; mg = 6.50 kg/m 2 . 


Effect of bumper thickness on total penetration damage. Bumper material was stainless steel, 347 annealed; 
projectile was 1.59-mm-diameter aluminum sphere. 
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Figure 10.- Effect of bumper mass on the maximum total penetration damage. Projectile was 1,59-mm-diameter aluminum sphere. 

Quasi-infinite main wall was made of aluminum. 
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Front side 



Back side 


L-65-170 

Figure 11.- Photographs showing crack and spaliation cavity which developed in a partially penetrated beryllium bumper. 
The bumper thickness was 5.21 mm-, the impact velocity was 3.57 km/s. 
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p 

mg, kg/m"^ 


Figure 12.- Calculated effect of the main wall material on variation of the total mass required to defeat 1.59-mm-diameter 
aluminum projectiles with the bumper mass. Curves are independent of bumper material. 
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